Introduction: One of the major causes of cataract in diabetes is oxidative stress induced by reactive oxygen species (ROS). Nowadays, new substances with antioxidative properties that may prevent cataract development are needed. One such substance is caffeine -an alkaloid with well-documented antioxidative activity. Material and methods: The study was conducted on lenses obtained from female rats, divided into 3 groups: control rats; diabetic rats; diabetic rats treated with caffeine at a dose of 20 mg/kg p.o. Type 1 diabetes was induced by streptozotocin (60 mg/kg i.p.). After 4 weeks of caffeine administration, the rats were sacrificed, and the lenses were collected, weighed and homogenized in PBS. The homogenate was used for analysis of protein content, glutathione (GSH) concentration, advanced oxidation protein product (AOPP) concentration, malondialdehyde (MDA) concentration and the activity of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx). Results: The SOD, CAT and GPx activities were found to be higher in the lenses of diabetic rats. There were also increased MDA and AOPP concentrations as well as decreased GSH concentration. The administration of caffeine resulted in decreased activity of SOD, CAT and GPx. The treatment with caffeine also caused an increase of GSH concentration and a decrease of MDA and AOPP concentrations.
Introduction
The main ocular complications associated with diabetes mellitus are cataract, diabetic retinopathy, glaucoma, and ocular surface diseases. InDiabetology creased reactive oxygen species (ROS) production and development of oxidative stress in ocular tissues play an important role in the pathogenesis of these complications [1] . Reactive oxygen species lead to oxidation, crosslinking and aggregation of lens proteins, peroxidation of membrane lipids, and apoptosis of the lens epithelial cells [2, 3] . In the lens, the toxic effects of ROS are neutralized by antioxidants such as ascorbic acid, vitamin E, glutathione, as well the enzymes glutathione peroxidase, superoxide dismutase and catalase [4] [5] [6] .
Several studies have suggested that the intake of antioxidants may slow the progression of cataract [5, 6] . Therefore, new strong antioxidants, which may become helpful in the therapy and prevention of cataract, are being sought. One candidate compound with antioxidant activity may be caffeine.
Caffeine (1,3,7-trimethylxanthine) is an alkaloid that is present in many plants, including coffee beans (Coffea arabica and Coffea robusta), cola nuts (Cola acuminata), tea leaves (Camellia sinensis), yerba mate leaves (Ilex paraguariensis), cocoa beans (Theobroma cacao) and guarana berries (Paullinia cupana). Caffeine is one of the ingredients of chocolate. It is present in many beverages such as coffee, tea, cocoa and cola drinks. Caffeine is the most frequently consumed psychostimulant, with approximately 80% of the population consuming it daily [7] .
Caffeine has been reported as a protective substance against cellular damage with beneficial antioxidant effects [8] [9] [10] . Intake of caffeine is associated with reduced levels of biomarkers of oxidative stress [11] [12] [13] [14] [15] . Caffeine is able to scavenge ROS, particularly the hydroxyl radical, known to be generated in the body by exposure to ultraviolet light and by many physiologic reactions involving oxygen utilization [16, 17] . Additionally, caffeine has been shown to prevent Fenton's reaction-induced oxidation of glutathione (GSH) [17] , a major antioxidant reserve in many tissues, including the lens. The level of inhibition of lipid peroxidation by caffeine is the strongest, medium, and the weakest with regard to hydroxyl radical, singlet oxygen and peroxyl radical, respectively. It has been suggested that the antioxidative properties of caffeine are comparable to GSH and significantly higher than those of ascorbic acid [16] . Caffeine acts as an antioxidant in different organs also through increasing the concentration and activity of antioxidant enzymes [18, 19] .
At moderate doses, caffeine acts as a competitive antagonist at the A 1 and A 2A adenosine receptors, which are G protein-coupled receptors widely distributed throughout the body, including brain, heart, vessels and kidneys. At high doses, this alkaloid acts as a phosphodiesterase inhibitor, which results in intracellular cAMP accumulation and intensified sympathetic nervous system activation. It also sensitizes dopamine receptors, increases the intracellular calcium concentration and induces noradrenaline release in the central nervous system [20] .
Caffeine has been shown to have several physiologic effects such as a general metabolic [21] [22] [23] and thermogenesis [24] stimulation. It was also used as a nervous system, respiratory and cardiac stimulant, smooth muscle relaxant and as a diuretic [25] .
Caffeine intake has been associated with protection against diabetes mellitus, cardiovascular disease, Parkinson's disease, and Alzheimer's disease [26, 27] . A new interest in caffeine in ophthalmology emerged with the observation that caffeine inhibits cataractogenesis [28] [29] [30] [31] . For example, there have been reports describing the reduction of the severity of cataract due to the administration of caffeine in rats in which the lens opacity was induced by galactose [14] , and in vitro in lenses exposed to ultraviolet light at a wavelength of 302 nm [15] .
The aim of this study was to investigate the influence of caffeine on reactive stress biomarkers in lenses of rats with experimental type 1 diabetes, in comparison with a control group of healthy individuals. The standard model of type 1 diabetes induced by streptozotocin was used [32, 33] . The effect of caffeine on reactive stress biomarkers was assessed based on superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) activities, glutathione (GSH) concentration, the level of advanced oxidation protein products (AOPP) and the concentration of a product of lipid peroxidation -malondialdehyde (MDA). Additionally, the influence of caffeine on selected oxidative stress parameters in the blood serum of these animals was evaluated.
Material and methods

Animals, diabetes induction and administration of caffeine
The biological material used in the study was obtained during the experiments performed in the Department of Pharmacology, School of Pharmacy with the Division of Laboratory Medicine in Sosnowiec [34, 35] . The experiments were conducted with the approval of the Local Ethics Commission in Katowice (approval no. 81/2013, 40/2014, 41/2014).
Briefly, the study was carried out on sexually mature female Wistar rats, provided by the Centre of Experimental Medicine at the Medical University of Silesia. During the whole experiment, the rats were fed with standard laboratory chow and had unlimited water supply. The glucose concentrations in blood samples taken from tail vessels were measured with an Accu-Chek Performa glucometer (Roche Diagnostics; upper limit of detection -600 mg/100 ml) [35] . Type 1 diabetes was induced by a single intraperitoneal (i.p.) administration of streptozotocin (Cayman Chemical Company) at a dose of 60 mg/kg dissolved in citrate buffer pH 4.5 (groups D and D + C) [35] . Only the rats in which diabetes developed were included in the experiment. The baseline values of the body mass and blood glucose levels are presented in Table I .
The biological material used in the present study was collected from the animals of the following groups: ND -control, non-diabetic rats (n = 9); D -diabetic rats (n = 7); D + C -diabetic rats receiving caffeine (Sigma-Aldrich) at a dose of 20 mg/kg per os (p.o.) for 4 weeks (n = 8). In the D + C group, administration of caffeine started 2 weeks after the streptozotocin injection. The non-diabetic and diabetic control rats (groups ND and D) were administered tap water (the vehicle) at the same volume of 2 ml/kg p.o. for 4 weeks. The caffeine dose was selected based on our previous study [36] . During the experiment, the body mass gain and blood glucose concentration were monitored [34, 35] .
After 4 weeks of caffeine administration, the rats were fasted overnight. The animals were anesthetized with intraperitoneal injection of ketamine (Bioketan; Vetoquinol Biowet; 87.5 mg/kg) and xylazine (Xylapan; Vetoquinol Biowet; 12.5 mg/ kg), and killed by cardiac exsanguination. The serum was isolated from the blood for further assessments (protein content, SOD activity, CAT activity, AOPP concentration and MDA concentration). The lenses were collected, weighed and homogenized in PBS buffer, pH 7.4 (10% v/w). Total homogenate was used for analysis of MDA concentration. For other studies, the homogenate was centrifuged at 10000*g (15 min, +4ºC). In supernatant, the protein content, the activity of SOD, CAT, GPx and concentration of GSH and AOPP were determined. The biochemical parameters of oxidative stress were measured in a Tecan Infinite M200 PRO microplate reader with Magellan 7.2 software.
Measurement of protein content
The protein level in lenses and serum was determined by the biuret reaction using a Pointe Scientific kit.
Estimation of oxidative stress biomarkers
Activity of the enzymes SOD, CAT and GPx was tested with commercial kits (Cayman). GSH concentration analysis was carried out according to the method described by Sedlak and Lindsey, using Ellman's reagent [37, 38] . The AOPP assay was conducted based on the protocol described by Witko-Sarsat et al., with chloramine-T used as a reference and measured at 340 nm [39] . The test for MDA was carried out according to the method presented by Ohkawa et al. with 1,1,3,3-tetraethoxypropane used as a reference at 532 nm [40] . All necessary reagents were purchased from Sigma-Aldrich.
Statistical analysis
Results are presented as mean ± SEM. Obtained results were statistically evaluated by one-way ANOVA followed by Fisher's LSD post-hoc test, or, in case of a lack of normality (Shapiro-Wilk test) or homogeneity of variance (Levene's test), by Krus- 
Results
In the control diabetic rats, streptozotocin administration induced profound increases in the blood glucose levels. The body mass of those rats was significantly lower than that of the control non-diabetic rats, as it was previously reported [35] . Administration of caffeine to the diabetic rats, starting 2 weeks after the streptozotocin injection, did not significantly affect the blood glucose concentration or the body mass in relation to the control diabetic rats (Table I) .
Effect of caffeine on the lens mass and the lens mass/body mass ratio in diabetic rats
In the control diabetic rats, the mean mass of the lens was significantly lower (p < 0.001) and the lens mass/body mass ratio was markedly higher (p < 0.01) than in the non-diabetic animals. In the diabetic rats which received caffeine, the lens mass and the lens mass/body mass ratio were similar to that observed in the control diabetic rats (Table I) .
Effect of caffeine on the protein content in the lens and serum of diabetic rats
In the control diabetic rats and the diabetic rats receiving caffeine, the protein content in the lens and the protein content in the serum were similar to those observed in the non-diabetic animals (data not shown).
Effect of caffeine on the SOD activity in the lens and serum of diabetic rats
In comparison to the non-diabetic rats, the SOD activity in the lens of the diabetic rats was statistically significantly increased (p < 0.05), whereas the SOD activity in the serum was non-significantly increased. Administration of caffeine to the diabetic rats resulted in slight decreases of SOD activity in the lens and in the serum as compared to the control diabetic rats (Table II) .
Effect of caffeine on the CAT activity in the lens and serum of diabetic rats
The CAT activity in the lens of the diabetic rats was higher than that in the non-diabetic rats; the difference was not statistically significant. In the diabetic rats, the CAT activity in the serum was strongly increased (p < 0.01) compared with the non-diabetic group. In the diabetic rats, after treatment with caffeine, decreases of the CAT activity (not statistically significant) in the lens and in the serum were observed compared to the control diabetic rats (Table II) .
Effect of caffeine on GPx activity in the lens of diabetic rats
Activity of GPx in the lens was higher in the control diabetic rats than in the non-diabetic rats and administration of caffeine resulted in a de- 
ND -control, non-diabetic rats, D -diabetic rats, D + C -diabetic rats receiving caffeine (20 mg/kg p.o. for 4 weeks). Results are presented as means ± SEM (n = 7-9). °p < 0.05, °°p < 0.01 -statistically significantly different from the ND group; *p < 0.05, **p < 0.01 -statistically significant differences between the D + C and the D groups.
crease of GPx activity compared with the control diabetic animals. The changes were not statistically significant (Table II) .
Effect of caffeine on GSH concentration in the lens of diabetic rats
In the diabetic rats, the concentration of GSH in the lens was strongly reduced (p < 0.05) compared to the non-diabetic rats. Administration of caffeine to the diabetic rats resulted in an increase of the GSH concentration as compared to the diabetic control group (Table II) .
Effect of caffeine on AOPP concentration in the lens and serum of diabetic rats
In the control diabetic rats, the AOPP concentration in the lens was non-significantly higher, and in the serum it was significantly higher (p < 0.01) than in the non-diabetic rats. In comparison with the control diabetic rats, in the caffeine group, this parameter in the lens and in the serum was lowered (Table II) .
Effect of caffeine on MDA concentration in the lens and serum of diabetic rats
The MDA concentrations in the lens and serum of the diabetic rats were significantly higher (p < 0.01 and p < 0.05, respectively) than in the non-diabetic rats. After administration of caffeine to the diabetic rats, decreases of MDA concentrations in the lens and serum (p < 0.01 and p < 0.05, respectively), to the level of the healthy controls, were noted, compared to the control diabetic rats (Table II) .
Discussion
Hyperglycemia, hypoinsulinemia, and body mass loss with simultaneous increase of food consumption are the symptoms of streptozotocin-induced diabetes in experimental animals [41] [42] [43] [44] [45] [46] . The same symptoms are typical for patients with type 1 diabetes. Also, as in humans, the lenses of these animals are affected by cataract. Suryanarayana et al. [44] found that 30% of rats with type 1 diabetes had subcapsular cataract and 60% of rats developed cortical cataract, which is characteristic for type 1 diabetes in humans. The other 10% of examined animals had an early stage of nuclear cataract. The presence of advanced cataracts in rats after administration of streptozotocin was confirmed by Saraswat et al. [47] , Suryanarayana et al. [45] , Gong et al. [42] , Thiraphatthanavong et al. [46] , and Bahmani et al. [41] . Many researchers have confirmed the changes of parameters of oxidative stress in the lens in the animal model of diabetes, thus indicating the role of ROS in the pathogenesis of lens opacity [42] [43] [44] [45] 47] .
The standard rat model of type 1 diabetes induced by single streptozotocin injection was used also in the present study. Streptozotocin caused damage to the pancreas and subsequently a disorder in insulin secretion, as evidenced by statistically significant increases in the blood glucose concentrations and decreases in the body mass. These observations are consistent with the literature [42] [43] [44] [45] .
In the present study, effects of caffeine on biomarkers of oxidative stress in the lens and in the serum of rats with streptozotocin-induced diabetes were assessed. Induction of diabetes in rats caused a reduction in the mass of the lens. Since the change in the lens mass of diabetic rats might have been due to a reduction of body mass in these animals, we calculated the lens mass/body mass ratio. The lens mass/body mass ratio of the diabetic rats was higher compared to the result of the non-diabetic rats. We suppose that the lens is less vulnerable to the catabolic influence of hyperglycemia than the whole body mass. The reason for the decrease in the lens mass was not protein impoverishment because the content of protein in the lens of the diabetic rats was the same as that in the non-diabetic rats. Likewise, we did not observe a change in the content of protein in the diabetic rat serum. The scope of our study does not give an opportunity to indicate the reason for the change in the lens mass.
Streptozotocin-induced diabetes increased SOD activity both in the rat lens and serum. Literature data indicate that the SOD activity in the lens in animals with streptozotocin-induced type 1 diabetes may increase [41, 43, 45, 48] , decrease [42, 46, 49] or remain unchanged [44] . Tas et al. [50] and Yildirimturk et al. [51] documented increases in the SOD activity in the serum of animals with streptozotocin-induced diabetes, whereas the decrease of the activity of this enzyme was described by Gao et al. [52] . The inconsistency regarding the SOD activity, as well as other oxidative stress biomarkers, in the literature may be the result of modifications of the methods such as different doses of streptozotocin or different time of assessment after the induction of diabetes.
In the present study, we observed higher CAT activity in the lens in the diabetic rats in comparison with the non-diabetic rats. This finding is in line with the literature data [43, 48] . Also, in the present study, the serum CAT activity was higher in the diabetic rats. However, Kilari et al. [49] reported lower CAT activity of the diabetic rats.
Induction of diabetes by streptozotocin in rats caused an increase of GPx activity in the lens. As was the case for SOD and CAT, the literature data regarding the GPx activity in the lens are inconsistent. The researchers found both an increase [43] [44] [45] and a decrease [42, 46] of this enzyme in the lens of animals with streptozotocin-induced diabetes.
The GSH concentration in the diabetic rat lens was lower compared to the non-diabetic rats. The previous studies are consistent with our results [41, 43, 44, 49] .
In the present study, the AOPP concentrations in the lens and serum of the diabetic rats were higher than in the non-diabetic rats. These observations are consistent with the literature [43, 51] .
We demonstrated an increased concentration of MDA in the lens and serum of the diabetic rats in relation to the non-diabetic rats, which is in line with the literature data [42, 44, 46, 48, [50] [51] [52] . It should be mentioned that an increased concentration of MDA was also observed in patients with type 2 diabetes [53] and patients with cataract [54] .
Yildirim et al. [55] in their study on patients with senile diabetic cataract observed an increase in the lens SOD, AOPP and MDA concentrations in comparison with the patients with senile non-diabetic cataract, which is consistent with our results.
According to the current knowledge, moderate caffeine intake by healthy adults at a dose level up to 400 mg/day (equivalent to 5.3 mg/kg body mass/day in a 75-kg person) is not associated with adverse effects [56] . In this study, caffeine was administered to the rats with streptozotocin-induced diabetes at a dose of 20 mg/kg p.o. for 4 weeks; such a dose in the rat diet was estimated as equivalent to approximately 2 cups of coffee daily in humans, due to the shorter caffeine plasma half-life in rats [57] .
Caffeine administered to rats with streptozotocin-induced type 1 diabetes did not cause changes in blood glucose concentrations and did not affect the final body mass compared to control animals with diabetes. In the present study, caffeine did not change the lens mass and the lens mass/body mass ratio in animals with diabetes. Also, the lens and serum protein concentration in the diabetic rats treated with caffeine was similar to the results obtained in control rats with diabetes.
In contrast, there were favorable changes in oxidative stress parameters in the streptozotocin-induced diabetic rats after caffeine treatment. Changes of the oxidative stress biomarkers in the lens were similar to those observed in the serum, which may indicate the same mechanism of antioxidative action of caffeine in the whole organism.
Caffeine, as compared with control animals with diabetes, caused decreases in the SOD and CAT activity both in the lens and serum. Likewise, the GPx activity in the lens after administration of caffeine in diabetic rats was lower than in the control animals with diabetes.
So far, no research has been reported concerning the effect of caffeine on the SOD, CAT and GPx activity in the lens or in the serum in different animal models of diabetes mellitus or cataract. Barcelos et al. [58] observed a decrease of the SOD, CAT and GPx activity in the liver after administration of caffeine at a dose of 6 mg/kg for 4 weeks in rats subjected to swimming exercise training.
Administration of caffeine to diabetic rats increased the GSH concentration as compared with the control rats with diabetes. Varma et al. [28] induced cataracts by intraperitoneal injections of sodium selenite in neonatal rats. The pups were pretreated intraperitoneally with caffeine (5.15 μmol), starting 2 days prior to the administration of selenite and continuing such treatment for next 21 days. Increased GSH concentrations were found in the lens, which was associated with a 36% reduction in opacity. In young rats with cataracts induced by a diet containing 24% galactose, lens GSH concentration was increased after application of eye drops with caffeine. At the same time, the researchers noted the inhibition of apoptosis and morphological changes in the lens [30] . The increase of GSH concentration in the lens after administration of caffeine is consistent with other studies in which various experimental models associated with oxidative stress were used in vivo or in vitro [12] [13] [14] [15] .
The AOPP concentration was lower in the lens and serum of the diabetic rats treated with caffeine than in the non-treated rats. There are no data in the literature to compare this result. However, the change is favorable, because the formation of AOPP in diabetes is induced by intensified oxidant-antioxidant imbalance, glycoxidation processes and coexisting inflammation [59] .
In the present study, the MDA concentration after administration of caffeine to diabetic rats was lower both in the lens and serum, as compared with the control diabetic animals. This observation is consistent with that made in old rats (18-20 months) , in which caffeine administered at 25 mg/kg for 6 weeks reduced the MDA concentration in the serum [11] .
The study has some limitations. One of them is the number of oxidative stress parameters measured. It is supposed that diabetes can lead to cataract development, so another limitation of the study is that it did not include ophthalmic measurements.
The results of the present study may be of relevance in determining the effect of caffeine on the processes induced by ROS in vivo. Further, they can be an indication for clinical observations aiming to assess both preventive and therapeutic effects of caffeine in cataract.
